The helix 69 (H69) region of the large subunit (28S) rRNA of Homo sapiens contains five pseudouridine (C) residues out of 19 total nucleotides (26%), three of which are universally or highly conserved. In this study, the effects of this abundant modified nucleotide on the structure and stability of H69 were compared with those of uridine. The role of a loop nucleotide substitution from A in bacteria (position 1918 in Escherichia coli 23S rRNA) to G in eukaryotes (position in 3734 in H. sapiens) was also examined. The thermodynamic parameters were obtained through UV melting studies, and differences in the modified and unmodified RNA structures were examined by 1 H NMR and circular dichroism spectroscopy. In addition, a [1,3-15 N]C phosphoramidite was used to generate H69 analogs with site-specific 15 N labels. By using this approach, different C residues can be clearly distinguished from one another in 1 H NMR experiments. The effects of pseudouridine on H. sapiens H69 are consistent with previous studies on tRNA, rRNA, and snRNA models in which the nucleotide offers stabilization of duplex regions through CN1H-mediated hydrogen bonds. The overall secondary structure and base-pairing patterns of human H69 are similar to the bacterial RNA, consistent with the idea that ribosome structure and function are highly conserved. Nonetheless, pseudouridine-containing RNAs have subtle differences in their structures and stabilities compared to the corresponding uridine-containing analogs, suggesting possible roles for C such as maintaining translation fidelity.
INTRODUCTION
One of the most important biological functions of RNA is protein synthesis, which is carried out by the ribosome machinery throughout phylogeny. The three-dimensional (3D) structures of the complete 70S ribosome and of its individual subunits have been solved at high resolution by X-ray crystallography (Cate et al. 1999; Ban et al. 2000; Carter et al. 2000; Nissen et al. 2000; Wimberly et al. 2000; Schlünzen et al. 2001; Yusupov et al. 2001) . The 70S and 80S ribosome complexes have also been observed by 3D cryo-electron microscopy (EM) Gabashvili et al. 2000; Spahn et al. 2001; Gao et al. 2003) . The details of the 70S structure demonstrate that the RNA components of the complex must play critical roles in catalyzing peptide bond formation because there are no proteins in the vicinity of the A-and P-site tRNAs (Yusupov et al. 2001 ). The 70S crystal structure also revealed that helix 69 (H69) of 23S rRNA is a component of the major intersubunit bridge between the small and large subunits. This bridge, referred to as B2a, connects the peptidyl-transferase center (PTC) to the decoding region. The association of the ribosomal subunits is essential for protein synthesis; therefore, the bridges must have important roles in linking structure to function.
Helix 69 is observed in the 5.5 Å resolution structure of the 70S complex (Yusupov et al. 2001 ) but disordered in the 2.4 Å resolution structure of the H. marismortui 50S subunit , suggesting that it has a dynamic role in structural rearrangements between the free and bound forms of the large subunit . It has been suggested that movement of H69 may contribute to tRNA placement and translocation (Bashan et al. 2003) . Earlier cross-linking studies demonstrated that H69 of the Escherichia coli 23S rRNA contacts the decoding region at positions 1408-1411 and 1518-1520 of 16S rRNA (Mitchell et al. 1992) . Related chemical probing studies showed that helix 69 of 23S RNA also interacts with the 790 loop of 16S rRNA, which is known to participate in subunit association, initiation factor binding, and tRNA binding (Joseph et al. 1997; Merryman et al. 1999 ). More recently, DMS modification studies have shown that methylations at A 1912 and A 1918 interfere with 70S ribosome function in E. coli (Maiväli and Remme 2004) .
There are many known natural nucleoside modifications in RNA (Limbach et al. 1994; McCloskey and Crain 1998) . The first to be discovered and one of the most common modified bases is pseudouridine (Cohn 1960; Ofengand et al. 1995; Charette and Gray 2000) . Pseudouridine has its glycosidic bond between the base and sugar isomerized from a standard C1 0 -N1 found in uridine to a C1 0 -C5 bonding scheme (Fig. 1) . Due to the isomerization reaction, pseudouridine has a second imino nitrogen available for hydrogen bonding. Interestingly, higher organisms have more pseudouridine residues in their large subunit rRNAs. Eukaryotic large subunit rRNAs contain 0.9%-1.4% pseudouridines compared to 0.03%-0.4% in bacteria, and the pseudouridine residues tend to be clustered in domains II, IV, and V of the large subunit rRNAs (Maden and Wakeman 1988; Charette and Gray 2000) . In H. sapiens, 7.3% of uridines in the large subunit rRNA are converted to pseudouridines compared to 1.5% in E. coli (Ofengand and Bakin 1997) .
In H69 of human rRNA, which is located in domain IV of 28S rRNA, there are five pseudouridines out of 19 nucleotides and no uridine residues. Thus, the percentage of pseudouridines in H69 (26.3%) is surprisingly high relative to the percentage in the remaining eukaryotic large subunit rRNA. Conserved pseudouridines (C) at positions 3727, 3731, and 3733 of H. sapiens 28S rRNA correspond to C 1911 , C 1915 , and C 1917 in E. coli 23S rRNA, of which C 1915 is also methylated at the N3 position (Figs. 1, 2) (Kowalak et al. 1996; Ofengand and Bakin 1997) . There are two additional pseudouridines in the stem region of the H. sapiens RNA at positions 3737 and 3739.
Pseudouridine synthase RluD modifies uridines at positions 1911 , 1915 , and 1917 in E. coli 23S rRNA (Wrzesinski et al. 2000 . In contrast, uridines at 3731 and 3733 in the human rRNA are guided to modification by the box H/ ACA snoRNA known as U19 (Bortolin and Kiss 1998) . The absence of RluD is reported to alter the growth rates of E. coli, and to influence stop codon readthrough and frameshifting of tRNA (O'Connor and Dahlberg 1995; Raychaudhuri et al. 1998) . Similarly, snR191, the snoRNA for the corresponding U19 in S. cerevisiae, provides a growth rate advantage to the cell (Badis et al. 2003) .
The sequence of H69 of the large subunit rRNA is highly conserved among organisms (Cannone et al. 2002) . Most of the stem consists of > 88% conserved Watson-Click base pairs, with the exception of one GÁU mismatch ( Fig. 2 ; Table 1 ). The residue on the 3 0 side of the seven-nucleotide loop is different between E. coli and H. sapiens. Most (> 98%) bacteria, including E. coli, have an A residue at position 1918 (E. coli numbering). In contrast, > 98% of eukaryotes, including H. sapiens, have a G residue at the corresponding 3734 position. Highly conserved loop nucleotides (98+%) at positions 1913, 1914, and 1918 (E. coli numbering) are known to contact the minor groove of the small subunit rRNA decoding site (at residues 1408-1410 and 1494-1495) (Yusupov et al. 2001) . The first and seventh positions of the H69 loop are possible determinants for stable loop-loop interactions (Gregorian and Crothers 1995) . Thus, the base difference at position 1918/3734 (A versus G) could influence ribosome stability and function between eukaryotes and prokaryotes.
Helix 69 appears to play a significant role in ribosome function; therefore, it is important to determine the structural consequences of adding modified nucleotides (C) or altering its loop sequence. Since the ribosome structure has not been solved by X-ray crystallography in the unmodified FIGURE 1. The structures of pseudouridine (C), 3-methylpseudouridine (m 3 C), and [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] N]pseudouridine ([1,3- 15 N] C).
FIGURE 2. The helix 69 (H69) RNA hairpins from H. sapiens and E. coli. The C5 and U5 RNAs are derived from positions 3722-3740 of the H. sapiens large subunit rRNA. The natural sequence (C5) contains pseudouridine (C) at positions 3727, 3731, 3733, 3737, and 3739, whereas the unmodified variant (U5) contains uridine (U). The corresponding CCC and UUU RNAs are derived from positions 1906-1924 of the E. coli 23S rRNA. The UUU(A 1918 G) RNA contains a stem sequence corresponding to E. coli H69 and a loop of H. sapiens H69. The levels of H69 sequence conservation for bacteria and eukaryotes are indicated (ACGU indicates 98+% conservation, and acgu indicates 88%-90% conservation). A total of 431 and 115 species were compared for bacteria and eukaryotes, respectively (Cannone et al. 2002). form, the use of smaller model RNAs allows the comparison between modified and unmodified RNAs, and the comparison of RNAs from different organisms. In the present study, five H69 analogs (Fig. 2) based on the E. coli and H. sapiens large subunit rRNAs were examined for stability and structural differences. The U5 and UUU RNAs are the unmodified variants from human and bacteria, respectively, and contain uridines in place of pseudouridines. The C5 and CCC RNAs are the corresponding pseudouridinemodified analogs. The UUU(A 1918 G) RNA represents the bacterial sequence in which the loop residue at position 1918 is mutated from A to G. We employed circular dichroism (CD) spectroscopy, thermal melting experiments, and nuclear magnetic resonance (NMR) spectroscopy to analyze this set of RNAs, and we examined the effects of divalent metal ion (Mg
2+
) binding to each of the RNAs.
RESULTS
The effects of modification on the structure of H69 RNA analogs CD spectroscopy allows for indirect monitoring of conformational differences between RNAs or changes in RNA structure upon ligand binding. For example, the contributions of modified bases to RNA folding can be determined, and the conformational changes induced by metal ions can be assessed. The CD spectra of H69 RNAs were obtained in order to determine the effects of pseudouridine modification on the H. sapiens hairpin structures, and also to compare the human analogs with the previously studied E. coli RNAs (Meroueh et al. 2000; Chui et al. 2002) . The spectra are shown as wavelength versus molar ellipticity (De) in Figure 3 . The CD spectra of the human-based analogs, unmodified (U5) and modified (C5) H69, indicate significant differences (Fig. 3A) . Both spectra are indicative of A-form RNA structures; however, differences in peak maxima, peak minima, and crossover points are observed, as well as differences in peak shapes. The U5 RNA spectrum has a peak maximum at 264 nm, a peak minimum at 238 nm, and a crossover point at 248 nm. The U5 RNA spectrum also has a broad shoulder around 280 nm. In contrast, the C5 RNA spectrum has a peak maximum at 256 nm, peak minimum at 232 nm, and crossover point at 238 nm. The C5 RNA spectrum also has a peak centered near 285 nm that is not observed in the U5 RNA spectrum. Similar results were observed with E. coli H69 analogs (Meroueh et al. 2000) . The observed differences in the spectral features may be explained by the difference in stacking environments for uridines versus pseudouridines, due to their different arrangements of atoms and glycosidic linkages. In addition, the transition dipoles are altered for C compared to U, leading to CD phase changes (Scott and Zamecnik 1969; Schweizer et Note: 431 species of bacteria and 115 species of eukaryotes were examined using the comparative RNA Web (CRW) site (http:// www.rna.icmb.utexas.edu) (Cannone et al. 2002) .
FIGURE 3. CD spectra of unmodified U5 () and modified C5 () H. sapiens H69 RNAs (A), U5 RNA overlaid with unmodified UUU E. coli RNA (~) and UUU(A 1918 G) RNA (&) (B), and C5 RNA and modified CCC E. coli RNA (~) (C) are shown. Each spectrum is an average of four scans, and the RNA concentrations were 2.6 mM. Figure 3B also reveals differences between the E. coli and H. sapiens RNAs, which is not surprising since they have different stem sequences. The unmodified H. sapiens H69 (U5) and E. coli H69 (UUU) have similar peak maxima, peak minima, and crossover points. The only difference is that the shoulder around 280 nm for U5 is slightly shifted to 285 nm for UUU. The spectrum of the mutant UUU(A 1918 G), which has a H. sapiens loop sequence and an E. coli stem sequence, is also shown in Figure 3B . This spectrum is unique and differs from both U5 and UUU spectra. The peak maximum, peak minimum, and crossover points are shifted to lower wavelengths (260 nm, 234 nm, and 244 nm, respectively) and the shoulder in the 280-285 nm region is more pronounced for UUU(A 1918 G). The CD spectra ( Fig. 3C ) of the modified RNA analogs (C5 and CCC) are also different. The extra peak in the C5 spectrum at 285 nm is not due to the three pseudouridines found in both H. sapiens and E. coli (C 3727 , C 3731 , and C 3733 ), but rather must come from contributions of one or both of the additional pseudouridines in the stem region (C 3737 and C 3739 ) of the H. sapiens RNA. The positive band at 285 nm also appears in the CD spectra of a duplex RNA representing the stem region of C5 and a single-stranded RNA representing residues G 3722 through A 3728 (5 0 -GGGAGCA-3 0 ) (data not shown); however, this band is not apparent in the CD spectrum of a single-stranded RNA representing residues A 3735 though C 3740 (5 0 -ACCCCC-3 0 ). In addition, the peak at 285 nm is diminished when the C5 or duplex RNA spectra are obtained at 85 C. These results suggest that the CD spectral differences between C5 and U5 are due to sequence (C versus U) and first-neighbor differences rather than any conformational differences caused by the modified nucleotides.
al. 1971; Davis 1995). A comparison of the spectra in
Circular dichroism spectroscopy is typically more useful for examining changes in RNA structures upon ligand binding or changes in solution conditions. This method was used to examine the overall structures of the U5 and C5 RNAs in the presence of magnesium. Magnesium chloride was added to the RNA samples at total concentrations of 1, 3, and 5 mM. The CD spectra of the two human H69 RNAs did not show any significant differences, such as overall shape, crossover points, and peak intensities, upon addition of divalent metal ions (data not shown). For both RNAs, only a slight shift in the peak maxima and crossover points to longer wavelengths (1-2 nm) was observed with a slight increase in peak intensities at the maxima ($0.5 ellipticity units) upon addition of 5 mM magnesium. Thus, these data indicate that MgCl 2 does not significantly affect the structures of U5 and C5.
NMR spectroscopy was employed to determine the hydrogen-bonding patterns for the human H69 RNAs, U5 and C5. The imino proton regions of the 1D 1 H NMR spectra of U5 and C5 are shown in Figure 4 . The assignments of the peaks in Figure 4 were made using 1D nuclear Overhauser effect (NOE) difference spectroscopy (data not shown). The U5 spectrum (Fig. 4A, upper panel) shows five sharp imino proton resonances and a sixth broad peak between 10 and 14 ppm. In contrast, the C5 spectrum FIGURE 4. The 1D imino proton (uridine H3, guanine H1, and pseudouridine N1H and N3H) NMR spectra of H. sapiens H69 RNAs, U5, C5, and 15 N-C5. The spectra in (A) were obtained at 15 C. The spectra in (B) were obtained at 5 C, 15 C, 25 C, 35 C, and 45 C. The buffer employed was 30 mM NaCl, 10 mM sodium phosphate, and 0.5 mM Na 2 EDTA in 90% H 2 O and 10% D 2 O, pH 6.5. Nucleotides are assigned based on 1D NOE spectroscopy (data not shown). In B, the symbols are used to indicate resonances derived from the same nucleotide (asterisks for C 3737 , triangles for C 3727 , and arrows for C 3739 ).
www.rnajournal.org 1423
Nucleotide modification in helix 69 of 28S rRNA (Fig. 4A , middle panel) shows 10 imino proton resonances in this region. The assignments are consistent with the formation of five base pairs for the unmodified RNA (U5) (three G-C pairs, one A-U pair, and a GÁU mismatch), and six base pairs for the modified RNA (C5) (three G-C pairs, two A-C pairs, and a GÁC mismatch). The closing G-C base pair (G 3722 -C 3740 ) is observed for both of the H. sapiens H69 RNAs. A loop-closing base pair of the unmodified RNA (U5), U 3727 -A 3735 , is not observed. In contrast, the C 3727 -A 3735 pair is observed in the modified RNA (C5), consistent with earlier studies on the E. coli H69 variants (Meroueh et al. 2000) . The fact that the U 3727 -A 3735 (loopclosing) base pair is not observed suggests that these residues undergo rapid exchange with solvent due to possible conformational differences between U5 and C5.
In the C5 1 H NMR spectrum (Fig. 4A, middle panel) , the resonance at 14.0 ppm is assigned as the C 3737 N3 proton because of a strong NOE to the resonance assigned as G 3726 at 13.3 ppm and A 3725 H2 at 7.6 ppm. The resonance assignment of the C 3737 N3 proton is further confirmed by employing an N-C5). The identity of C 3727 N3H is confirmed by an NOE to A 3735 H2. The intensity of the C 3727 N3H peak is less than that of the peaks for C 3737 N3H and C 3739 N3H, likely due to its location at the end of the helix and greater exposure to solvent.
There are significant differences in the chemical shifts between the U5 and C5 RNAs which were not previously observed with the E. coli modified and unmodified RNAs (Meroueh et al. 2000) . For example, G 3723 makes a mismatch pair with C 3739 in C5, and its imino proton peak is shifted upfield by $0.5 ppm relative to G 3723 in the unmodified U5 RNA (Fig. 4A) . Similarly, the chemical shifts for the U 3739 and C 3739 N3 protons differ by $0.7 ppm (C 3739 N3H is downfield) in the U5 and C5 spectra, respectively. As with the previously mentioned CD spectral changes, the chemical shift changes are likely a result of sequence differences (C versus U) and are not necessarily a result of conformational differences between the modified and unmodified RNAs.
The three stem CN1 imino protons (C 3739 , C 3737 , and C 3727 N1H) are protected from chemical exchange with solvent and are therefore observed in the 1 H NMR spectrum of C5 (Fig. 4A, middle panel) . These protons exchange at increased temperatures (Fig. 4B) , and in two cases (C 3739 N1H and C 3727 N1H) can no longer be observed at 45 C, except for a slight broadened peak for C 3727 N1H. For the two A-C pairs, the loss of the CN1 and CN3 proton resonance intensities (C 3727 and C 3737 ) does not occur simultaneously (at the same temperature), in contrast to previous studies (Hall and McLaughlin 1991) . Similarly, in the case of the G-C pair, the C 3739 N3 proton resonance is much more intense than the C 3739 N1H resonance at elevated temperature.
The assignments of the CN1H resonances are based on the fact that they exhibit strong NOEs to upfield peaks between 7.0 and 7.4 ppm assigned as CH6 (Hall and McLaughlin 1992; Meroueh et al. 2000; Newby and Greenbaum 2001) . For example, the identity of C 3727 N1H is verified by an NOE to C 3727 H6. Cross-peaks are also observed using two-dimensional (2D) nuclear Overhauser effect spectroscopy (NOESY) (data not shown) between the CN1 proton and CH6 for each stem pseudouridine, consistent with previous NMR reports on pseudouridine-containing RNAs (Meroueh et al. 2000) . Both C 3739 N1H and C 3737 N1H can also be clearly assigned in the 15 N-C5 spectrum, because they appear as a combination of doublet and singlet peaks centered around 11.0 and 10.7 ppm, respectively (Fig. 4A, lower panel) . The C 3739 N1 proton can be distinguished from C 3737 N1H because it has strong NOEs to the resonances assigned as G 3723 and G 3724 . Similarly, C 3737 N1H has NOEs to the neighboring G 3726 and G 3724 (data not shown). The C 3727 N1 proton, which does not contain 15 N, appears upfield as a singlet at 10.3 ppm. NOEs observed at 7.6 ppm for U 3737 N3H or C 3737 N3H to A 3725 H2 in the U5 and C5 samples, respectively, are typical for duplex RNA structures. Similarly, a strong NOE is observed between C 3727 N3H and A 3735 H2 at 7.4 ppm in the C5 RNA, whereas no peak is observed for the corresponding U 3727 N3H in U5. These results indicate that the modified and unmodified human H69 RNAs are both forming standard duplex structures in their stem regions, with no evidence of unusual secondary structures. Overall, NMR studies do not reveal any unusual features of the C5 structure in comparison to U5.
The CD and NMR results presented here suggest that there are only subtle differences between the structures of the modified and unmodified H69 RNAs. In addition, failure to observe imino proton resonances from the RNA loop residues suggests that they are not protected from exchange by a specific RNA conformation. In order to further assess any possible differences between the C5 and U5 RNAs, chemical probing studies were carried out (Peattie and Gilbert 1980). The patterns of diethylpyrocarbonate (DEPC) modification are nearly identical for both RNAs at 37 C and 90 C, suggesting that the loop structures are similar (data not shown).
The effects of modification on stability of the helix 69 RNA analogs
The melting curves of the H69 RNA analogs were obtained to compare the effects of modification on hairpin stability. For the three RNAs, U5, C5, and UUU(A 1918 G), absorbance versus temperature profiles were obtained at pH 7.0 in low salt conditions (35 mM Na + ) and compared to previously studied E. coli RNAs, UUU and CCC (Meroueh et al. 2000) . The curves were analyzed in terms of melting temperature (T m ), DH , DS , and DG 37 . Representative normalized absorbance plots at single RNA concentrations are shown in Figure 5 . All melting curves (except that of UUU) follow a two-state model with unfolded and folded conformations of the H69 analogs. The helix to random coil transitions occurred between 40 C and 80 C and were independent of RNA concentration in the range of 5-100 mM, suggesting unimolecular unfolding of the hairpin structures. The curve for UUU indicates that the hairpin melts in approximately two stages. The lower temperature transition (< 40 C) likely corresponds to loop destacking because it is concentration-independent. ESI and MALDI-TOF mass spectrometry data and nondenaturing polyacrylamide gel analysis do not reveal any evidence for duplex formation for any of the RNAs (data not shown). The slightly greater hypochromicity observed with U5 compared to C5 might suggest that the loop is more stacked, but such small differences are difficult to assess within the experimental error of the melting data.
The most significant difference between the U5 and C5 RNAs is found by comparing their thermodynamic stabilities. The thermodynamic parameters for all five RNAs are listed in Table 2 . The DG 37 values of the unmodified and modified H. sapiens RNAs are À2.7 (U5) and À3.8 (C5) kcal/mol, respectively. Thus, they are 1-2 kcal/mole less stable than the E. coli RNAs (DG 37 values are À4.8 kcal/ mole for UUU and À5.0 kcal/mole for CCC). The difference in stability between the E. coli and H. sapiens RNAs is in part due to the stem region sequences of the hairpins. The H. sapiens H69 has an A 3725 -U 3737 / C 3737 base pair in place of the E. coli C 1909 -G 1921 pair. Previous studies demonstrated that pseudouridines in the closing base-pair position stabilize hairpins (Hall and McLaughlin 1991; Durant and Davis 1999; Yarian et al. 1999; Meroueh et al. 2000) . In contrast, pseudouridines in loop positions 1915 and 1917 of the E. coli sequence slightly destabilize the hairpin (Meroueh et al. 2000) . Thus, the overall differences in DG 37 values are negligible between unmodified (UUU) and modified (CCC) E. coli-based RNAs (0.2 kcal/mol), whereas a much larger difference in DG 37 values of 1.1 kcal/mole is observed between H. sapiens unmodified (U5) and modified (C5) RNAs. The major sequence differences between E. coli and H. sapiens H69 RNAs are the seventh base of the loop (3 0 side, positions 1918 and 3734, respectively) and two additional pseudouridines (positions 3737 and 3739) for H. sapiens. The UUU(A 1918 G) H69 variant has a H. sapiens loop and E. coli stem sequence. The DG 37 values of UUU and UUU(A 1918 G) are similar (À4.8 versus À4.7 kcal/mol); therefore, the difference in DG 37 between U5 and UUU is more likely due to variations in the stem sequences rather than loop sequences. The two additional pseudouridines also contribute $1.2 kcal/mole to the stability of the H. sapiens H69. Similarly, previous studies showed that incorporation of a single pseudouridine in the eukaryotic U2 snRNA can stabilize the duplex by À0.7 kcal/mole (DG 37 ) (Newby and Greenbaum 2001) . In the present study, it was also demonstrated that Mg 2+ has a stabilizing effect on both E. coli-and H. sapiens-based H69 analogs. Such a result is not surprising given that the magnesium ions can be counter ions for the negatively charged RNA phosphate backbone. The DDG 37 value for both unmodified (UUU) and modified (CCC) E. coli RNAs in the absence and presence of 1.0 mM Mg 2+ is À1.6 kcal/mole (Table 2 ). In contrast, the DDG 37 values of unmodified (U5) and modified (C5) H. sapiens RNA (À1.2 and À1.3 kcal/mol, respectively) are lower than the E. coli values. The DDG 37 value of UUU(A 1918 G) in the presence and absence of 1.0 mM Mg 2+ is the same as that of the E. coli sequences (À1.6 kcal/mol); therefore, the trend of the DDG 37 values shows that the UUU(A 1918 G) variant with the H. sapiens loop sequence and E. coli stem sequence behaves more like the bacterial RNA. The differences in magnesium effects on hairpin stability must therefore arise from differences in the stem sequences, and not from the presence or absence of pseudouridine residues.
DISCUSSION
It has been noted that the number of nucleotide modifications in rRNA increases with evolution (Ofengand et al. 1995) . Helix 69 of H. sapiens 28S rRNA contains five pseudouridines compared to three in the corresponding hairpin in E. coli 23S rRNA. Furthermore, modifications tend to occur in functionally important regions of the ribosome, such as the peptidyl transferase center. Several pseudouridines (C 1911 and C 1917 in E. coli 23S rRNA) in H69 are universally conserved, and provide a growth advantage to cells (Ofengand and Bakin 1997; Raychaudhuri et al. 1998) . Similarly, the A residue at position 1918 of E. coli 23S rRNA is highly conserved among bacteria. The corresponding position (3734 of 28S rRNA) in H. sapiens and other eukaryotes is a > 98% conserved G residue.
Helix 69 of the large subunit rRNA occurs in the bridge region of the 70S and 80S ribosomes referred to as B2a. Cryo-EM and X-ray crystallography studies have shown that the conformation of H69 in the large subunit (unbound, 50S) and complete ribosome (bound, 70S) is different Yusupov et al. 2001) . Thus, H69 is flexible and has a role extending beyond just a structural support for the intersubunit bridge. This flexibility may allow H69 to participate directly in tRNA translocation. For this reason, H69 has been referred to as a 'molecular crane' (Bashan et al. 2003) .
A recent study to determine the location of the ribosome release factor RRF on the 70S ribosome revealed another important role for H69 (Agrawal et al. 2004) . Contacts with the highly conserved regions of RRF and the loop region of H69 are attributed to specific pseudouridine residues. Direct contact of RRF with these residues may be important for conformation changes in this region and ultimately subunit dissociation.
The UV melting (T m ) data presented in these studies establish that the three pseudouridine residues in the stem region of H. sapiens H69 provide stabilization to the RNA. In contrast, substitution at position 1918 with a G residue in eukaryotes in place of an A found in bacteria does not affect the RNA stability. The UUU(A 1918 G) has an E. coli stem region and H. sapiens loop region, but the DG 37 value is similar to those of the unmodified or modified E. coli H69 RNAs. Previous studies showed that individually, C 1911 , C 1915 , and C 1917 have different effects on the stability of E. coli H69; however, when combined, the three Cs have little effect on the overall stability of the hairpin (Meroueh et al. 2000) . The DG 37 value of the unmodified human H69 is less than that of the E. coli H69 (U5 versus UUU) by > 2 kcal/mol. Therefore, additional pseudouridines may be necessary in order to compensate for sequence changes that destabilize the stem of the human analog (the eukaryotic sequence has an A-U pair in place of a C-G pair found in the bacterial RNA). Fahlman et al. (2004) proposed such a strategy in aminoacyl transfer RNAs binding to the ribosome. They suggest that different patterns of contact between the tRNA and ribosome sites have evolved through changes in tRNA sequence and levels of modification such that binding is uniform. , differ by 0.3 to 0.4 kcal/mol) for the H. sapiens-and E. coli-derived H69 RNAs. These results indicate that the electrostatic environments of the E. coli and H. sapiens H69 RNAs are slightly different. However, these charge differences are clearly derived from sequence changes, not from modified nucleotides. These conclusions are based on the fact that the same DDG 37 values are found for unmodified (U) and modified (C) RNAs in both E. coli and H. sapiens (À1.6 kcal/mole for E. coli and À1.2 to À1.3 for human RNAs; Table 2 ). The E. coli sequence has a G-C base pair in the stem that is replaced with an A-C pair in the human sequence. Previous structural and computational studies revealed the presence of certain magnesium-guanine interactions (Juneau et al. 2001; Petrov et al. 2002) . The CD and NMR data both reveal that U5 and C5 form canonical A-form helical structures, and substitution of pseudouridine with uridine has subtle effects on the secondary structure of H69. More specifically, the closing base pair C/ U 3727 -A 3735 is observed in the C5 RNA, but not in the U5 RNA. Also, the NMR data clearly show evidence of additional hydrogen-bonding interactions involving the N1H positions of the C stem residues (Fig. 4) . The use of 15 N-labeled C residues was useful for assigning these resonances in the imino proton NMR spectrum. The presence of these resonances is consistent with the formation of water-mediated hydrogen bonds from pseudouridine to the RNA backbone, as has been observed in other C-containing RNAs (Arnez and Steitz 1994; Davis 1995; Newby and Greenbaum 2002) .
Another unique feature of the H. sapiens H69 stem is the presence of the GÁC mismatch. The related GÁU mismatch has been identified and characterized in a number of locations within rRNAs (Gautheret et al. 1995) , and can provide specific recognition signals in RNA because of its unique structure (Hou and Schimmel 1988; McClain and Foss 1988) . A GÁU mismatch is present in the E. coli H69 stem, and a GÁC mismatch occurs in the human analog in the identical position. Our NMR data indicate that a GÁC mismatch does indeed form in the stem of human H69. The hydrogen-bonding pattern appears to be similar to that of the wobble GÁU mismatch involving the GN1H and CN3H; however, the 3D structure and base orientation remain to be determined.
The roles of the first and seventh nucleotides of the H69 loop also remain to be determined. Even though G 3734 is highly conserved in eukaryotic rRNAs and A 1918 is similarly conserved in bacterial rRNAs ( Fig. 2; Table 1 ), this sequence difference does not appear to affect the hairpin structure or stability in a significant manner. This nucleotide may play a role in mediating the interactions with other RNA domains within the ribosome, or in altering the dynamics of the loop in the presence and absence of modified nucleotides. Thus, the 15 N-labeled RNAs that we have generated will be quite useful for further studies.
The general structures of the E. coli and H. sapiens H69 RNAs appear to be similar in that they are A-form helices with a loop-closing base pair stabilized by an A-C pair. Thus, flexibility of H69 is likely to be localized in the loop regions for both eukaryotic and bacterial RNAs. Further investigation into the structural differences and similarities between bacterial and human rRNAs is important for the future development of ribosome-binding drugs that can target the intersubunit domains and act as potential antibiotics.
15
N NMR relaxation studies will also lead to a better understanding of the dynamics of regions such as H69 in mediating ribosome function.
MATERIALS AND METHODS

Preparation of RNAs
The 19-nucleotide (19-nt) RNAs used in this study were obtained from Dharmacon Research. These RNAs were chemically synthesized on a 1.0 mmol scale and deprotected as described (Meroueh et al. 2000) . The sequences of the five RNAs are as follows: N-containing pseudouridine and its corresponding phosphoramidite were synthesized as described (Grohar and Chow 1999; Meroueh et al. 2000; Hanessian and Machaalani 2003) , except that [1,3- The deprotected RNAs were purified on 20% denaturing polyacrylamide gels (typically 350 V for 4 h). Prior to loading on the gel, the RNA sample contained urea loading buffer [7 M urea, 50% (w/v) glycerol, and 0.1 % (w/v) each of xylene cyanol and bromophenol blue]. The RNA bands were visualized on the gel by UV shadowing with a fluorescent TLC plate. The bands corresponding to the 19-nt RNAs were excised from the gel, and the RNAs were eluted with 0.5X TBE buffer (45 mM Tris, 45 mM boric acid, 0.5 mM EDTA, pH 8.2) at 200 V for 2.5 h on an Amicon Centrilutor device. The resulting RNAs were desalted over C18 Sep-Pak columns (Waters), and then dialyzed for 2-3 d against RNase-free, double-deionized water. The 15 N-containing RNA was purified by HPLC on an XTerra MS C18 column (2.5 mm, 10 3 50 mm, Waters) in which the eluent was 0.1 M TEAA buffer, pH 7.0 with a 7%-11% linear gradient of acetonitrile over 17 min at a flow rate of 4.0 mL/min. After HPLC purification, the RNA was desalted by ethanol precipitation and dialysis for 2-3 d against RNase-free, double-deionized water.
RNA concentrations were calculated using Beer's law and single-stranded extinction coefficients (e) of 188,860 M À1 cm À1 for UUU and CCC, 186,500 M À1 cm À1 for UUU(A 1918 G), and 191,300 M À1 cm À1 for U5 and C5. The same extinction coefficient was used for uridine and pseudouridine (1.0 3 10 4 cm À1 M À1 at pH 7.0) (Richards 1975) . The RNAs were renatured in 10 mM Tris-HCl, pH 7.5 by heating to 90 C for 2 min followed by slowly cooling to room temperature.
Circular dichroism (CD) spectroscopy
CD spectra were obtained on a Jasco J600 spectropolarimeter (220-320 nm) at room temperature in 15 mM NaCl, 20 mM sodium cacodylate, and 0.5 mM Na 2 EDTA at pH 7.0. The RNA concentrations were 2.6 mM for all CD experiments. The DA values were converted to molar ellipticity (De) expressed in moles of RNA molecules (Cantor and Schimmel 1980) . The RNA concentrations of each CD sample were determined from the UV absorbance values (260 nm) at 95 C. Magnesium chloride (0-5 mM MgCl 2 Á6H 2 O) was also titrated into the CD samples. Small volumes (< 5 mL) were added such that concentration changes were negligible.
Thermal melting
The absorbance versus temperature changes were monitored on an Aviv 14DS UV-visible spectrophotometer with a five-cuvette thermoelectric controller. Microcuvettes with two different path lengths (0.1 and 0.2 cm; volumes of 60 and 120 mL, respectively) were employed. The buffer used for this experiment contained 15 mM NaCl, 20 mM sodium cacodylate, and 0.5 mM Na 2 EDTA, pH 7.0. The RNA concentrations of each sample were determined from the UV absorbance values (260 nm) at 95 C. The melting curves were obtained from 0 C to 90 C at 280 nm. The thermodynamic parameters were calculated by using Meltwin 3.5 and assuming a two-state model (McDowell and Turner 1996) . The thermal melting experiments just described were also repeated in the presence of magnesium chloride (1, 3, and 5 mM).
NMR spectroscopy
The NMR spectra for the U5, C5, and 15 N-C5 were obtained on a Bruker AVANCE-AQS 700 MHz spectrometer equipped with a 5-mm triple-resonance cryoprobe. The RNA were dissolved in buffer containing 10 mM Na 2 HPO 4 , 0.5 mM Na 2 EDTA, 30 mM NaCl, and 20 mM TSP in 90% H 2 O and 10% D 2 O, pH 6.5. The final RNA concentrations were $750 mM. All NMR spectra were acquired at 15 C, except for variable temperature experiments that ranged from 5 C to 45 C. 1D proton NMR spectra were acquired for all samples using Digital Quadrature Detection for at least 16,000 data points. Samples in 9:1 H 2 O/D 2 O required additional Watergate solvent suppression pulse schemes to be included in the pulse program. Pure D 2 O samples were acquired with added 1-sec presaturation pulses for HDO signal suppression. 1D NOE difference spectra included a 500-msec presaturation pulse centered on imino peaks of interest. Resulting selective saturation spectra were subtracted from a reference spectrum to determine resonances involved in NOEs. To improve the signal to noise ratio, at least 128 scans were acquired for each experiment. NMR data were processed with zero-filling one time, 1-3 Hz of line broadening, and solvent signal filters and base-line correction.
